The abbreviations used are: N-WASP, neural Wiskott-Aldrich syndrome protein; HSP90, heat shock protein 90; HSE, heat shock element; HSTF/HSF, heat shock transcription factor/heat shock factor; Arp2/3, actin-related protein 2/3; GST, Glutathione STransferase; GFP, green fluorescence protein; VCA, verprolin-homology, cofilinhomology, and acidic domain; CA, constitutively active; DN, dominant negative; LMB, leptomycin B. 
Introduction
The Wiskott-Aldrich syndrome protein (WASP) family of proteins includes two WASP proteins, WASP, which is restricted to the hematopoietic cells, and ubiquitous Neural Wiskott-Aldrich syndrome protein (N-WASP) (1, 2) and three WASP family Verprolin-homologous proteins (WAVEs) (3, 4) , which transmit signals for de novo actin nucleation mediated by Arp2/3 complex at the cell periphery (5, 6) . These proteins participate in actin reorganization processes involving formation of filopodia and lamellipodia (7, 8) . Interestingly, N-WASP and WASP are also localized in the nucleus (2) . WASP-interacting protein (WIP) recruits nuclear N-WASP to cytoplasm to induce filopodium formation (9) .
The VCA (verprolin-homology, cofilin-homology, and acidic) domain of N-WASP and WASP not only associates with actin and Arp2/3 complex, but also with the middle region of N-WASP or WASP, by intra-molecular interactions. It has been postulated that the association between the VCA region and the middle region of N-WASP yields an auto-inhibited structure (10) (11) (12) (13) . Upon association with Cdc42 and/or phosphoinositides or phosphorylation of N-WASP by Src family kinases, the autoinhibition of N-WASP is released. However, the relation between N-WASP conformation and localization is not clear.
Src family kinases have roles in controlling the actin cytoskeleton, but they also promotes proliferation of cells. Therefore, mutations that activate Src family kinases induce transformation of cells. The activity of Src family kinases is controlled in a variety of ways, including phosphorylation, dephosphorylation (14, 15) , and ubiquitindependent protein degradation by proteasomes (16) (17) (18) .
Molecular chaperones, such as HSP90, also play the important roles in proper activation of Src family kinases. Loss of HSP90 activity due to a specific inhibitor of by guest on July 15, 2017 http://www.jbc.org/ Downloaded from
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Experimental Procedures
Cell culture COS-7 cells were cultured as described previously (22) . Transfection was done with Lipofectoamine 2000 (Invitrogen) according to the manufacture's instructions.
Localization of N-WASP was analyzed by GFP fluorescence or indirect immunofluorescence with anti-N-WASP antibody. Heat shock was performed at 44 ºC for 30 min followed by the recovery of cells at 37 ºC for 90 min. Tet-off HEK293 cells were purchased from Clontech. The stably-transfected HEK293 cell lines were established according to manufacturer's instruction. Doxycycline (dox) (1 mg/ml) was used as an alternative to tetracycline (tet) to suppress transgene expression.
DNA microarray
HEK293 cells were transfected with GFP-Y253F N-WASP or GFP-Y253E N-WASP.
About 10 mg of plasmid was introduced by electroporation (BioRad). Transfected cells were harvested, and mRNA was purified with RNeasy kit (Qiagen) followed by Quickprep micro mRNA purification kit (Pharmacia). After checking the quality of mRNA by electrophoresis, Cy3-and Cy5-labeled cDNA probes were generated with Fluorescence labeling core kit (Takara). The qualities of these probes for hybridization on microarrays were confirmed with Test Array (Takara). The probes were then hybridized on IntelliGene Human CHIP 1K Set I Ver. 1.0 (Takara). Microarray signals were acquired with Scan Array Lite (Packard BioChip Technologies). Signals were calibrated to housekeeping genes spotted on the chip (See text). Spots with signal intensities more than twice the level of the standard deviation of background signal were selected for further analysis (23). Statistical significance of expressional changes 6 were determined by student's t-test of signal intensities against standard genes (p < 0.05).
Luciferase assay
The sequence from the promoter region of HSP89alpha (HSP90alpha) with heat shock element (HSE) and TATA box was cloned into pGL-basic vector (Promega). The sequence is as follows:.
(ggttcttccggaagttggggaggcttctggaaaaagcgccgcgcgctgggcgggcccgtggctatataaggcaggcgcgg gggtggcgcg). After co-transfection of plasmids for N-WASP expression and HSE reporter plasmids at a ratio of 3:1, cells were harvested, and the luciferase activity was determined with a Luciferase Assay kit (Stratagene). The luciferase activity was normalized to the total amount of protein determined by Bradford assay (BioRad).
Proteins
Full-length or truncated (1-204 aa) human heat-shock transcription factor/heat-shock factor 1 (HSTF1) was subcloned into pGEX (Pharmacia). GST fusion proteins were expressed in E.coli BL21 (Stratagene), purified, and the GST tag was removed as described previously (22) . Fyn and N-WASP were obtained as described previously (21) .
Gel-mobility shift assay
Nuclear fractions for gel shift assays was prepared as described previously (24). The sequence of the probe was the same as that used in luciferase reporter plasmid.
Kinase assay
In vitro kinase assay with purified Fyn, N-WASP, and/or poly Glu:Tyr 4:1 substrate (Sigma) was performed as follows. Proteins were purified as described (21) . Fyn (final 
Results and Discussion
Localization of N-WASP is determined by its phosphorylation status
We previously reported that phosphorylation of N-WASP by Src family kinases releases the auto-inhibited structure and activates the Arp2/3 complex (21). We made phosphorylation site mutants of N-WASP. In Y253F N-WASP, the tyrosine of the phosphorylation site is replaced with phenylalanine and can not be phosphorylated. In To examine the NES of N-WASP, we substituted leucines (L222, L225, L229.
and L232) in the putative NES sequence with alanine ( Fig. 2A) . The resulting mutant N-WASP with Y253E mutation and NES mutation (Y253E LA N-WASP) predominantly localized in the nucleus, whereas Y253E N-WASP preferentially localized in the cytoplasm ( Fig. 2B and C) . Therefore, Y253E N-WASP is transported into the nucleus by NLS dependent mechanism, and is also exported by NES dependent manner. Phosphorylation of N-WASP probably releases the auto-inhibitory interaction, and exposes the NES sequence, resulting in export of N-WASP from the nucleus.
DNA microarray analysis of cells expressing Y253F N-WASP or Y253E N-WASP
We then examined changes in gene expression that accompany changes in nuclear N-WASP level by DNA microarray. To compensate for the effect of increased levels of N-WASP due to ectopic expression, we compared the cells expressing Y253F N-WASP, which was localized preferentially in the nucleus, and cells expressing Y253E N-WASP, which was localized preferentially in the cytoplasm. Weak signals with intensities in similar to that of the background were excluded from further analysis.
We analyzed approximately 180 genes that gave signal intensities more than twice the level of the standard deviation of background signal ( HSPs under normal and under stress conditions (28). We examined whether the amounts of N-WASP in the nucleus affect transcription from the HSE of HSP90 with a luciferase assay ( Fig. 4D and E) .
Fractionation of nuclei revealed that increase in total amount of wild-type N-WASP resulted in increase in amount of nuclear N-WASP (data not shown). The transcription from the HSE was decreased when levels of N-WASP were increased by ectopic expression. We then examined transcription from HSE at several levels of N-WASP expression ( Fig. 4Da and E) . In HEK293 cells, CMV (cytomegalovirus)
promoter is more efficient in protein expression than EF (elongation factor) promoter. (Fig. 4Da and E) .
In the present study, transcription from HSE was also affected by Fyn.
Expression of DN Fyn decreased the transcription from the HSE. In contrast, transcription from the HSE was enhanced by expression of CA Fyn. Therefore, Src family kinase might be required for transcription from the HSE through control of N-WASP localization (Fig. 4Db) .
We next examined the difference in wild-type, Y253F, and Y253E N-WASP in suppression of HSE transcription. Because these ectopically expressed N-WASP were expressed under CMV promoter, the amount of ectopically expressed N-WASP was approximately 20-fold higher than that of endogenous N-WASP (Fig. 4E) . Therefore, the increase in nuclear N-WASP was observed even in the Y253E N-WASP expressing cells because small population of Y253E N-WASP was localized in the nucleus (Fig. 2) .
Increase in cytoplasmic N-WASP did not bring out nuclear HSTF1, indicating that localization of HSTFs were independent of N-WASP (data not shown). Accordingly, the suppression of HSE transcription was observed in wild-type, Y253F, and Y253E N-WASP expressing cells. However, consistent with the difference in preference in localization, the suppression was weaker in cells expressing Y253E N-WASP than that in cells expressing wild-type or Y253F N-WASP expressing cells (Fig. 4Dc) .
We next examined the increase of HSP90 and HSP70 upon heat shock was suppressed by increase in nuclear N-WASP. Heat shock drives the transcription form HSE to increase the amount of HSPs. As shown in 
N-WASP binds to heat shock transcription factor and forms a complex on the HSE
We examined the physical association between HSTF1 and N-WASP. In a pull-down assay, full-length HSTF1 associated with several domains of N-WASP, including the VCA domain, WH1 domain, and region between the IQ and CRIB motifs.
The VCA domain appears to be the highest affinity region. In the VCA domain, the V region bound to HSTF1 (Fig.5A ). HSTF1 did not associate with the proline-rich region HSTF1 and N-WASP to HSE was competed out by non-labeled competitor, indicating that the N-WASP-HSTF1 complex associates specifically with HSE (Fig.5B ).
In the nucleus, the protein complex that bound the HSE is known to contain HSTF1 (29). We found the protein complex contained N-WASP (Fig.5C) . In mobilityshift assays with nuclear extracts and HSE, a band shift was observed when anti-N-WASP antibody was added. This shift did not occur with non-immune antibody. These results indicate that N-WASP forms a complex on HSE that negatively regulates HSP90 expression.
To confirm the association between N-WASP and HSTF1 in cells, we immunoprecipitated FLAG-tagged Y253F or Y253E N-WASP and examined the association with HSTF1. As shown in Fig. 5D , Y253F N-WASP associated with HSTF1 more effectively than Y253E N-WASP did. This difference in the affinity seems to be consistent with the difference in the preference in nuclear localization, because localization of HSTF1 was not affected by N-WASP localization (data not shown).
N-WASP indirectly modulates kinase activity of Fyn
The Table 1 List of genes analyzed on DNA microarray Signals were calibrated to housekeeping genes (highlighted in green) spotted on the chip. Spots with signal intensities more than twice the level of the standard deviation of background signal were listed here. Statistical significance of expressional changes were determined by student's t-test of signal intensities against standard genes (p < 0.05). The genes with statistically significant changes are highlighted in yellow. 
